The objective of the current study was to investigate the effect of dietary β-alanine supplementation on growth performance, meat quality, antioxidant ability, carnosine content, and gene expression of carnosine-related enzymes in broiler chicks. We randomly assigned 540 1-day-old Arbor Acres broilers to 5 dietary treatments supplemented with 0 (control group), 250, 500, 1,000, or 2,000 mg/kg of β-alanine (mg β-alanine per kg feed). Each treatment included 6 replicates of 18 birds. The feeding trial lasted for 42 d. Dietary β-alanine supplementation linearly and quadratically increased the average daily gain (ADG) during the starting period (d 1 to 21, P = 0.02 and P = 0.002). The feed conversion ratio (FCR) decreased quadratically in response to dietary β-alanine supplementation during the starting and entire periods (P < 0.001 and P = 0.003, respectively). For the entire period, the predicted best FCR would be achieved when β-alanine was fed at a level of 1,100 mg/kg from quadratic regression. The concentrations of carnosine and β-alanine in breast muscle increased quadratically with dietary β-alanine supplementation (d 42, P < 0.001 and P = 0.001, respectively). The predicted dietary β-alanine level for highest breast carnosine content was 1,196 mg/kg. Dietary supplementation with β-alanine reduced the taurine concentrations in plasma (d 42, linear and quadratic, P < 0.001). Breast muscle yield increased linearly and quadratically in response to dietary β-alanine addition (d 21, P = 0.017 and P = 0.007). Dietary supplementation with β-alanine quadratically reduced the shear force (P = 0.003), whereas a * 45 min and a * 24 h values increased quadratically in response to dietary β-alanine supplementation (d 42, P = 0.020 and P = 0.021, respectively). Dietary β-alanine addition quadratically enhanced the expression of carnosine synthase and taurine transporter mRNAs (P < 0.05). Overall, dietary β-alanine supplementation improved growth performance and carnosine content, ameliorated antioxidant capacity and meat quality, and upregulated the gene expression of carnosine synthesis-related enzymes in broiler chicks.
INTRODUCTION
Chicken meat is considered a desirable food by consumers because of its high protein, low fat and cholesterol, and abundance of functional peptides (Abe, 2000) . Functional carnosine, which is abundant in skeletal muscle (Mannion et al., 1992) , plays an important role in poultry tissues. Carnosine (β-alanyll-histidine) and its derivative anserine (β-alanyll-methyl-l-histidine) are well known for their antioxidants (Kohen et al., 1988) , anti-fatigue (Nagai et al., 1996) , and putative neurotransmitter properties (Tomonaga et al., 2005a) . Carnosine is synthesized from 2 amino acids, β-alanine and l-histidine, by means of carnosine synthase.
β-alanine, a non-essential amino acid, is the only β-amino acid that exists naturally. Moreover, it is the limiting amino acid for muscle carnosine synthesis (Everaert et al., 2013a) . β-alanine can be synthesized in the liver (Matthews and Traut, 1987) or directly obtained from the diet (particularly white and red meat).
Influences of dietary β-alanine addition have been studied in broilers (Tomonaga et al. 2005b; Won et al. 2013) . Dietary supplementation of β-alanine enhances growth performance in broilers (Tomonaga et al., 2005b) . Oral administration of 22 mmol/kg β-alanine to 2-day-old chicks for 5 d increases the carnosine concentration in the muscles of broilers (Tomonaga et al., 2012) . Dietary supplementation of 1% β-alanine increased the carnosine levels in breast muscle of broilers from 756.15 μg/g to 911.01 μg/g (Kralik et al., 2014) . Dietary β-alanine addition increased the redness value (Kralik et al., 2014) and lightness value and decreased the shear force (Zhang, 2008) , while improving the meat quality. Dietary β-alanine supplementation increased the total antioxidant capacity during the post-supplementation session (Belviranli et al., 2015) and tended to decrease the malondialdehyde (MDA) content and improves the ability of antioxidant in breast muscle (Hu, 2009) . Dietary supplementation with 1.8% β-alanine stimulated the gene expression of both taurine transporter (SLC6A6) and carnosine synthase (CARNS1) in mice (Everaert et al., 2013b) . However, examination of dietary β-alanine levels and the mechanism of carnosine-synthesis gene expression has not yet been studied in broilers. Therefore, the aim of this study was to determine the optimal dosage of β-alanine on growth performance, meat quality, carnosine content, and gene expression of carnosine synthesis-related enzymes and transporters in broiler chicks.
MATERIALS AND METHODS

Diets and Design of Experiment
The experimental procedures were approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. A total of 540 1-day-old male Arbor Acres broilers were randomly assigned into 5 dietary treatments supplemented with 0 (control group), 250, 500, 1,000, or 2,000 mg β-alanine per kg feed. Each treatment group included 6 replicates (cages) of 18 birds. The chicken house was kept 24-h constant-light each program and temperature was set to 33
• C for the first 3 d, and then dropped by 2
• C each successive wk until it reached 24
• C. The composition and nutrient level of the basal diet is shown in Table 1 . Birds were provided feed and water ad libitum during the feeding trial. All chickens were raised in line with the regulations of the Arbor Acres Broiler Commercial Management Guide (Aviagen, 2009 ).
Growth Performance
All cages were checked for sick and dead birds on a daily basis. Identification number, cage, age, and condition were recorded on a cage record sheet. General health status, weight, mortality, cause of death, and filling grade as well as morphologic alterations/symptoms of the dead birds were also recorded.
Birds were weighed using a cage as a unit. Feed intake was recorded on a cage basis. Subsequently, average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR; feed: gain, g: g) were calculated. Feed conversion was calculated and corrected for mortality. 
Slaughtering and Sampling
One bird around the average weight was selected from each replicate group for blood sampling and carcass measurements after starving for 10 h at the age of 21 and 42 d, respectively. Blood samples were obtained from the left jugular vein immediately after the birds were sacrificed, and then were centrifuged at 1,800 × g for 15 min at 4
• C after storage for a while at room temperature. The plasma samples were kept at -20
• C until analysis. After blood sampling, birds were hanged for few minutes to death and then eviscerated to measure carcass weight (without head, paws, or giblets) as a yield of total weight. The abdominal fat and the breast and thigh muscles were collected and weighed. The abdominal fat was referred to the adipose tissue from the proventriculus surrounding the gizzard down to the cloaca. The right side of breast muscle was then taken to determine meat color and muscle pH. At the same time, approximately 30.0 g of left breast muscle was taken to measure dripping loss, cooking loss, and shear value. All samples were stored at 4
• C until analysis.
Assay of Peptide and Free Amino Acids in Tissues and Plasma
The contents of carnosine, anserine, taurine, and β-alanine were determined by an A300 automatic amino acid analyzer (Membra Pure, Bodenheim, Germany). Samples were combined with 200 μL sulfosalicylic acid (10%) to precipitate proteins kept at 4
• C for 1 h, and then centrifuged at 14,500 × g for 15 min. After appropriate dilution, the supernatant was filtered through a 0.45-μm pore size filter membrane (Millipore Co., Bedford, MA) and then directly injected into the analyzer for free amino acid determination. The trimethylbenzene substrate was ninhydrin, which had a 0.09 mL/min flow rate, and the injection volume was fixed at 20 μL. Detection was performed by UV absorbance at wavelengths of 570/440 nm.
Meat Quality Assay
Muscle pH was determined using an electronic pH meter (CyberScan pH 310, Eutech Instruments Pte. Ltd., Singapore) at 45 min (pH 45 min ) and 24 h (pH 24 h ) postmortem. Each sample was measured 3 times, and the average value was taken as the final result. The value of pH decline within 24 h postmortem (ΔpH) was calculated as ΔpH = pH 24 h − pH 45 min . At 24 h after slaughter, meat color was measured in duplicate using a Chroma Meter (Chroma Meter WSC-S, Shanghai Precision and Scientific Instrument Co., Shanghai, China). Color was reported in the CIELab trichromatic system as lightness (L * ), redness (a * ), and yellowness (b * ) values.
Drip loss was measured as described by Zhang et al. (2009) . Briefly, approximately 30 g (wet weight, W1) of regular-shaped muscle from the right pectoralis major muscle was placed in a zip-sealed plastic bag, and then the bag was filled with nitrogen to avoid oxidation, evaporation, and mutual extrusion. All bags were stored at 4
• C for 24 h, and then surface moisture of the fillets was absorbed with filter paper and the muscle samples were reweighed (W2). Drip loss was calculated as (%) = (W1− W2)/W1 × 100%.
After assessing drip loss, the meat samples were placed in new zip-sealed polyethylene bags and stored at 4
• C until 72 h postmortem. At 72 h postmortem, the muscles were dried and weighed (W1), and then heated in a water bath at 85
• C for 20 min (end-point temperature of 80
• C), cooled in running water to ambient temperature, and then dried and reweighed (W2). Cooking loss was evaluated as (%) = (W1 − W2)/W1 × 100% (Xu et al., 2011) .
At 96 h postmortem, about 30 g (wet weight) of muscle was heated for 20 min in zip-sealed plastic bags in a water bath at 85
• C. After cooling to ambient temperature, shear force value was measured in triplicate as described by Froning and Uijttenboogaart (1988) .
Assay of Plasma and Tissue Indices
Plasma total superoxide dismutase (T-SOD) activity, total antioxidant capacity (T-AOC), and MDA content were analyzed using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and all parameters were evaluated according to the instructions (Wang et al., 2015) .
Total RNA Extraction and cDNA Synthesis
Tissue dissected from the breast muscle was homogenized in Trizol Reagent (Invitrogen, Carlsbad, CA), and total RNA was extracted according to the manufacturer's instructions. The RNA samples were purified using the SV Total RNA Isolation System (Promega Corporation, Madison, WI) and quantified using a NanoDrop ND 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Total RNA (1 mg) from each sample was used for first-strand cDNA synthesis with the TIANGEN Quantscript RT kit following the manufacturer's instructions (TIANGEN Biotech Co. Ltd, Beijing, China). Procedures for RNA preparation conformed to the Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines.
Real-Time Quantitative Polymerase Chain Reaction
The gene expression of carnosine synthase (CARNS1), carnosinase (CNDP1, CNDP2), and β-alanine transporters (SLC6A6, SLC36A1, SLC6A14) were performed with a real-time polymerase chain reaction (PCR) kit following the manufacturer's protocol (Real MasterMix-SYBR Green; TIANGEN). Reactions of real-time quantitative PCR were carried out with an iCycler iQ5 multicolor real-time PCR detection system (Bio-Rad, Hercules, CA), and the protocol used was as follows: 95
• C for 5 min; 40 cycles of 95
• C for 10 s, 60
• C for 30 s, 72
• C for 30 s; and final extension at 72
• C for 5 min. The melting curve was recorded at 60
• C. The primers used are listed in Table 2 . The amplification efficiency of each gene was validated by constructing a standard curve through 4 serial dilutions of cDNA. For analyses, relative quantification was applied with β-actin used as the housekeeping gene. A bird sample from non-β-alanine conditions was used as the calibrator sample. All experiments were done in triplicate. The relative mRNA expression levels of carnosine synthase (CARNS1), carnosinase (CNDP1, CNDP2), β-alanine transporters (SLC6A6, SLC36A1, SLC6A14) were calculated using the "normalized relative quantification" method followed by Primers for Real-Time PCR analysis. 
Statistical Analysis
All data were analyzed by one-way analysis of variance (ANOVA) procedure of the SPSS 16.0 software package for Windows (SPSS, Chicago, IL). The model included the treatment effect, and the cage represented the experimental unit for growth performance, whereas the individual bird was the experimental unit for others parameters. Orthogonal polynomial contrasts were employed to test the linear and quadratic effects of dietary β-alanine supplementation. Regression analysis was used to estimate β-alanine optimization whenever a significant quadratic response (P ≤ 0.05) was observed. The treatment effects were considered significant at P ≤ 0.05, whereas a trend for a treatment effect was noted for P ≤ 0.10.
RESULTS
Growth Performance
Effect of dietary β-alanine addition on growth performance is listed in Table 3 . During the starting period (d 1 to 21), dietary β-alanine supplementation linearly and quadratically increased ADG (P = 0.012 and P = 0.002, respectively) and decreased FCR (P = 0.010 and P < 0.001, respectively). During the entire periods of the trial (d 1 to 42) , dietary β-alanine quadratically reduced the FCR (P = 0.013) and tended to quadratically increase the ADG (P = 0.094). However, no significant difference was observed in ADFI in response to β-alanine supplementation in the diets (P > 0.05). Table 4 shows the effect of dietary β-alanine addition on taurine, carnosine, anserine, and β-alanine levels in breast muscle and plasma of broilers at d 42. Betaalanine-supplemented groups decreased taurine levels in plasma (linear and quadratic, P < 0.05). However, there were no differences in plasma levels of β-alanine, carnosine, or anserine content among all treatments (P > 0.05). Dietary β-alanine supplementation quadratically increased the concentrations of β-alanine and carnosine (P < 0.001 and P = 0.001, respectively), and tended to linearly and quadratically decrease taurine content in the breast muscle of broilers at d 42 (P = 0.085 and P = 0.077, respectively).
Amino Acids and Dipeptide Levels in Breast Muscle and Plasma
Slaughtering Performance and Meat Quality
Effect of dietary β-alanine addition on carcass performance at d 21 and 42 is listed in Table 5 . The broiler breast muscle yield quadratically increased in response to dietary β-alanine supplementation at the age of d 21 (P < 0.05). No notable differences in dressing yield or abdominal fat yield were found among all dietary treatments (P > 0.05).
Dietary β-alanine supplementation quadratically reduced the shear force at the age of d 42 (P = 0.033, Table 6 ). There were no significant changes in L * value, b * value, or pH value of breast muscle at either 45 min or 24 h postmortem, and ΔpH was not significantly different in response to dietary β-alanine supplementation (P > 0.05). Dietary β-alanine addition quadratically increased a * value of breast muscle at both 45 min (P = 0.020) and 24 h (P = 0.021) postmortem.
Antioxidant Index
Dietary addition of β-alanine quadratically decreased the levels of MDA in the breast muscle and plasma of broilers at d 42 (P < 0.002 and P < 0.001, respectively, Table 7 ). There were no distinct differences in the T-AOC or SOD content in either plasma or breast muscle of birds in all dietary treatments at d 42 (P > 0.05). However, dietary β-alanine tended to quadratically increase T-AOC level in plasma at d 42 (P = 0.080). Table 8 shows the mRNA expression of CARNS1, CNDP1, CNDP2, SLC6A6, SLC36A1, SLC6A14 in pectoral muscle. Of all the 6 genes, only CNDP1 and SLC6A14 could not be detected in the breast muscle of birds. Dietary β-alanine supplementation quadratically increased the expression CARNS1 in breast muscle at d 42 (P < 0.05). Furthermore, Dietary addition of β-alanine quadratically increased the expression of SLC6A6 (β-alanine transporter) (P < 0.05). There were no distinct differences in the expression of SLC36A1 in response to β-alanine supplementation in the diets (P > 0.05).
Gene Expression of Carnosine-Related Enzymes in Breast Muscle
Prediction of Optimal β-alanine Supplementation in Broilers' Diet
Prediction of optimal β-alanine levels from growth, amino acid and dipeptide, carcass yield, MDA content, meat quality and gene expression of carnosine-related enzymes data is presented in Table 9 . Results show that broilers had the optimal feed efficiency in starting and entire periods when β-alanine was supplemented at 1,221 mg/kg or 1,100 mg/kg. The highest β-alanine, carnosine content in breast muscle and lowest MDA content in breast muscle and plasma at d 42 would be generated by dietary supplementation of β-alanine at the level of 1,178 to 1,760 mg/kg, and the best meat color and tenderness would be achieved when the diet containing 1,041 to 1,110 β-alanine mg/kg diet. Expression of carnosine-related enzymes including CARNS1 and SLC6A6 in the breast muscle would be highest by dietary supplementation of β-alanine at the level of 1,164 to 1,187 mg/kg.
DISCUSSION
Growth Performance
Dietary supplementation with β-alanine improved the growth performance of broilers throughout the entire experimental period. These results are consistent with a previous study (Tomonaga et al., 2005b ). In the current study, chickens fed diets containing 250 to 2,000 mg/kg β-alanine had quadratically enhanced ADG (from 8.89% to 14.77%) and markedly decreased FCR in the starting period. The addition of β-alanine tended to decrease FCR during the overall period. A diet containing 2.5% β-alanine increases the feed efficiency in broilers (Jacob et al., 1991) . The dosage of β-alanine in our current study was lower than that of previous studies (Jacob et al., 1991; Tomonaga et al., 2005b) . However, some research reported that supplementation with excessive β-alanine inhibited feed intake in broilers (Zhang, 2008) . Therefore, the suitable β-alanine level in broiler diets is of great importance for the industry.
A prior study showed that dietary β-alanine supplementation increases the feed efficacy by markedly reducing feed consumption (Jacob et al., 1991) . In the present study, diets supplemented with β-alanine increased the feed conversion via enhancing ADG, possibly because β-alanine could act as a neurotransmitter (Tiedje et al., 2010) to adjust the secretion of hormones related to growth performance. Another explanation is that oral administration of β-alanine may improve the feed efficiency through alleviating stress (Tomonaga et al., 2004) . Different forms of β-alanine administration, i.e., drinking water or feed, may have different effects on growth performance in broilers (Tomonaga et al., 2005b; Tomonaga et al., 2006) .
Carnosine Content and mRNA Expression of Carnosine Synthesis-Related Enzymes
The present study revealed that dietary β-alanine addition quadratically increased β-alanine and carnosine content in breast muscle of broilers. Dietary addition of β-alanine may enhance the carnosine content of the muscle because carnosine is a product of β-alanine and l-histidine synthesized by carnosine synthase (Stenesh and Winnick, 1960) . This is similar to the results of previous studies (Dunnett and Harris, 1999; Tomonaga et al., 2012) . The dosage of β-alanine was different from that in other studies (Zhang, 2008; Hu, 2009) , this awaits further study.
It was reported that SLC6A6, SLC36A1, and SLC6A14 could promote the transportation of β-alanine, of these transporters, only SLC6A14 gene expression was not investigated in the skeletal muscle (Drummond et al., 2010; Pierno et al., 2012) . In the present study, we have evaluated the expression of carnosine-related transporters. It shows that dietary β-alanine supplementation quadratically upregulated the expression of SLC6A6 gene (Table 8) . As we know, SLC6A6 transporter can transport both taurine and β-alanine (Pasantes-Morales et al., 1983) . Hu et al. (2000) showed competitive inhibition between taurine and β-alanine for SLC6A6 transporter. Some studies indicated that taurine depletion might induce physiological dysfunction, such as growth retardation (Hu et al., 2000) . In our current study, no markedly negative effects were observed in growth parameters, such as FCR. Moreover, taurine is depleted because β-alanine competes with taurine for uptake (Hu et al., 2000) .
Carcass Characteristics and Meat Quality
Dietary addition of 0.5% β-alanine has no effect on breast muscle weight, whereas 1 or 2% β-alanine diets significantly reduced the breast muscle weight because higher concentrations of β-alanine may induce growth retardation or physiological dysfunction (Tomonaga et al. 2006) . In the present study, dietary supplementation with β-alanine increased the breast muscle yield during the starting period, which indicated that a lower dosage of β-alanine, to some extent, increased the breast yield.
With regard to meat quality, dietary supplementation with β-alanine quadratically increased the a * 45 min or a * 24 h values in breast muscle at d 42. The shear force decreased in response to dietary β-alanine addition. The reduction of the shear force with dietary β-alanine addition was possibly due to the increase of carnosine content, which may activate muscle calpain II in broilers under certain concentrations of calcium ions (Johnson and Hammer, 1989) . Kralik et al. (2014) found that dietary supplementation with 0.5% β-alanine markedly increased the a * value of breast muscle tissue. This result is consistent with our present study, but the dosage of β-alanine was lower in present study. Stress before slaughter may lead to pale, soft, exudative meat (Mckee and Sams, 1997) ; dietary β-alanine increases a * value and may alleviate stress responses in chickens (Tomonaga et al., 2004) . In these studies, meat color was determined by muscle pigment content; β-alanine may influence the pigment content of muscle, which was not detected in the current study. Thus, this hypothesis needs to be clarified.
Antioxidant Parameters
In the present study, the MDA content in plasma quadratically decreased with dietary β-alanine addition (P < 0.05). Breast muscle of broilers supplemented with 0.5% β-alanine and kept for 60 d at −20
• C exhibits lower thiobarbituric acid reactive substances (mg MDA/kg of tissue) value than the group without added β-alanine (Kralik et al., 2014) . Belviranli et al. (2015) found that supplemental β-alanine has no effect on oxidative stability of breast muscle. In our current study, dietary addition of β-alanine decreased the MDA of breast muscle; this was possibly due to increasing the concentration of carnosine, which has a strong antioxidant ability (Boldyrev et al., 2004) . Hu (2009) found that dietary supplementation with 0.5% carnosine greatly decreased the MDA content (P < 0.05), yet it increased the T-AOC content of breast muscle in broilers at d 42. In addition, Schnuck et al. (2016) found that dietary supplementation with β-alanine in mice improved the oxygen consumption as well as the expression of several cellular proteins associated with improved oxidative metabolism, and indicates that it may provide additional metabolic benefits that promote the muscle antioxidants.
Prediction of Dietary Optimum β-alanine Supplementation
In current study, dietary β-alanine at level of 500 and 1,000 mg/kg positively affected growth performance, increased β-alanine and carnosine contents in breast, decreased MDA content and impoved meat quality. Quadratic responses of β-alanine were observed on these parameters. Based on the polynomial regression, broilers had the optimal feed efficiency in starting and entire periods when fed diet supplemented with 1,221 or 1,100 mg/kg β-alanine. The highest muscular β-alanine, carnosine contents and lowest MDA contents at d 42 in plasma and breast muscle would be generated at the level of 1,178 to 1,760 mg/kg, and the best meat color and tenderness would be achieved when the diet had β-alanine ranging from 1,041 to 1,110 mg/kg. In addition, mRNA expression of carnosine-related enzymes (CARNS1 and SLC6A6) in the breast muscle would be highest by supplementation of β-alanine at the level of 1,164 to 1,178 mg/kg. Different from early studies that enhancement of muscular carnosine content responded at high dosage of β-alanine (Tomonaga et al., 2012; Kralik et al., 2014) , our results demonstrated that lower dosage of β-alanine may effectively increased carnosine content in breast muscle. Furthermore, the low dosage of β-alanine may favorably affect the growth performance and meat quality. Therefore, the optimal β-alanine level added to diet for broilers is recommended to be 1,041 to 1,760 mg/kg based on the current experimental condition.
CONCLUSIONS
The present study showed that dietary supplementation of β-alanine can improve feed efficiency, muscular carnosine content and meat quality in broiler chicks. The improvement of meat quality may be attributed to the increased concentration of carnosine and up-regulation of mRNA expression of genes encoding carnosine-related enzymes. Quadratic responses were observed on growth performance, carnosine content, meat quality and expression of carnosine-related enzymes.
